Many plant species display remarkable developmental plasticity and regenerate new organs after injury. Local signals produced by wounding are thought to trigger organ regeneration but molecular mechanisms underlying this control remain largely unknown. We previously identified an AP2/ERF transcription factor WOUND INDUCED DEDIFFERENTIATION 1 (WIND1) as a central regulator of wound-induced cellular reprogramming in plants. In this study, we demonstrate that WIND1 promotes callus formation and shoot regeneration by up-regulating the expression of the ENHANCER OF SHOOT REGENERATION1 (ESR1) gene, which encodes another AP2/ERF transcription factor in Arabidopsis. The esr1 mutants are defective in callus formation and shoot regeneration and conversely, its overexpression promotes both of these processes, indicating that ESR1 functions as a critical driver of cellular reprogramming. Our data show that WIND1 directly binds the Vascular system-specific and Wound-REsponsive cis-element (VWRE)-like motifs within the ESR1 promoter and activates its expression. The expression of ESR1 is strongly reduced in WIND1-SRDX dominant repressors and ectopic overexpression of ESR1 bypasses defects in callus formation and shoot regeneration in WIND1-SRDX plants, supporting the notion that ESR1 acts downstream of WIND1. Together, our findings uncover a key molecular pathway that links wound signaling to shoot regeneration in plants.
INTRODUCTION
Many multicellular organisms regenerate their bodies after injury, and this regenerative capacity is vital for their survival after partial loss of their bodies. Plants, in particular, maintain high developmental plasticity during post-embryonic development and display diverse forms of regeneration (Ikeuchi et al., 2016) . One common example of plant regeneration is de novo organogenesis, i.e., the formation of new organs such as shoots and roots, from cut sites. This mode of regeneration has been widely used in agriculture as a tool, for instance, for propagation of elite cultivars and genetic engineering (Thorpe, 2007) . As in animals, plant regeneration is initiated by at least two cellular mechanisms. One is by the reactivation of relatively undifferentiated cells existing in the somatic tissue and the other is by the reprogramming of mature somatic cells (Birnbaum and Sánchez Alvarado, 2008; Tanaka and Reddien, 2011; Ikeuchi et al., 2016) . In some cases, these initiating cells directly regenerate new organs, but in other cases they first develop callus, a mass of dividing cells, from which new organs form (Hicks, 1994) .
Molecular mechanisms underlying plant organ regeneration have been studied mostly in vitro where the balance between two plant hormones, auxin and cytokinin, determines the developmental fate of regenerating organs. Generally, a high ratio of auxin to cytokinin favors root regeneration, while a low ratio of auxin to cytokinin stimulates shoot regeneration (Skoog and Miller, 1957) . Intermediate levels of auxin and cytokinin promote callus formation (Skoog and Miller, 1957) . A protocol routinely used for Arabidopsis explants involves first incubation of a tissue fragment on auxin-and cytokinin-containing callus inducing medium (CIM) to produce callus, and subsequent transfer to cytokinin-rich shoot inducing medium (SIM) and auxin-rich root inducing medium (RIM) to promote shoot and root regeneration, respectively (Valvekens et al., 1988) . Accumulating evidence suggests that callus on CIM primarily derives from relatively undifferentiated pericycle cells through a genetic programme underlying auxin-induced lateral root development (Che et al., 2007; Atta et al., 2009; Sugimoto et al., 2010) . Accordingly, many regulators of lateral root development, including ABERRANT LATERAL ROOT4 (ALF4), AUXIN RESPONSE FACTOR7 (ARF7), ARF19, LATERAL ORGAN BOUNDARIES DOMAIN16 (LBD16), LBD17, LBD18 and LBD29, are required for callus formation on CIM (Sugimoto et al., 2010 , Fan et al., 2012 , Ikeuchi et al., 2013 . A recent study has demonstrated that additional regulators, PLETHORA3 (PLT3), PLT5 and PLT7, are also needed to make CIM-induced callus pluripotent (Kareem et al, 2015) . Key players acting downstream of PLT3, PLT5 and PLT7 to confer pluripotency are PLT1 and PLT2, which are also known for their role in root meristem development (Aida et al., 2004; Galinha et al., 2007) . PLT3, PLT5 and PLT7, in addition, induce CUP SHAPED COTYLEDON1 (CUC1) and CUC2, important regulators of shoot meristem development during embryogenesis (Aida et al., 1997; Aida et al., 1999) , presumably to introduce the potential to form shoots in the callus (Kareem et al, 2015) . While CUC1 and CUC2 do not show an organised pattern of expression in CIM-induced callus, some root meristem regulators, such as WUSCHEL-related homeobox5 (WOX5) and SCARECROW (SCR), display expression patterns similar to those observed in the root meristem (Gordon et al., 2007; Atta et al., 2009; Sugimoto et al, 2010) . Thus, CIM-induced callus appears to represent a pluripotent cell mass that has characteristics more similar to root meristems (Ikeuchi et al., 2013) .
Given that CIM-induced callus possesses root meristem-like properties, regenerating roots after transfer to RIM might be relatively straightforward, requiring further establishment of root meristem identity and execution of root developmental programme by an auxin-induced transcriptional cascade (Ozawa et al., 1998; Che et al., 2002; Ikeuchi et al., 2016) . By contrast, shoot regeneration on SIM ought to be more complex as it requires the conversion of root meristem fate into shoot meristem fate. What is central for the shoot meristem initiation is the activation of the key shoot stem cell regulator WUSCHEL (WUS) by cytokinin, which facilitates the partitioning of CIM-induced callus into WUS-expressing domains and CUC2-expressing domains (Che et al., 2006; Gordon et al., 2007; Chatfield et al., 2013) . A cluster of CUC2-expressing cells continues to proliferate to form promeristems, in which polarized expression of the auxin transporter PIN-FORMED1 (PIN1) and another meristem regulator SHOOT MERISTEMLESS (STM) further organises the formation of functional shoot meristem. Previous studies have also identified several other regulators, such as ENHANCER OF SHOOT REGENERATION1/DORNRÖSCHEN (ESR1/DRN), ESR2/DRN-LIKE (DRNL) and RAP2.6L, that contribute to shoot regeneration in vitro (Banno et al., 2001; Kirch et al., 2003; Che et al, 2006 ). An early study showed that overexpression of ESR1 promotes shoot regeneration without or at low doses of exogenous cytokinin (Banno et al., 2001 ). The esr1-1/drn-2 loss-of-function mutant, referred to as esr1-1 hereafter, however, does not display strong defects in shoot regeneration when cultured on CIM and SIM (Matsuo et al., 2011) . By contrast, loss-of-function mutations in ESR2 and RAP2.6L cause clear defects in in vitro shoot regeneration (Matsuo et al., 2011; Che et al., 2006) , suggesting that they play more profound roles.
We recently showed that wound stress provides another important cue for shoot regeneration, since intact plants cultured on CIM and SIM hardly regenerate shoots without wounding (Iwase et al. 2015) . Wounding provokes various physiological responses, including rapid induction of reactive oxygen species, Ca 2+ waves, and the production of stress-responsive hormones (Miller et al., 2009; Mousavi et al., 2013) , but whether these early physiological responses direct cells for reprogramming is not established. A set of key regulators that are rapidly activated in response to wounding and have pivotal roles in wound-induced callus formation are a subfamily of AP2/ERF transcription factors, WOUND INDUCED DEDIFFERENTIATION1 (WIND1, a.k.a RAP2.4), WIND2, WIND3, and WIND4 (Iwase et al., 2011a; Iwase et al., 2011b) . All WIND genes are induced by wounding and overexpression of each of them promotes callus formation (Iwase et al., 2011a; Iwase et al., 2011b) . Importantly, WIND1 substitutes the early wound response and confers pluripotency, since plants overexpressing WIND1 regenerate shoots on SIM without wound stress (Iwase et al., 2015) . Conversely, dominant repression of WIND1 in WIND1-SRDX explants strongly blocks shoot regeneration, suggesting that WIND proteins function as key regulators of cellular reprogramming in response to wound stress (Iwase et al., 2015; Ikeuchi et al., 2016) .
In this study, we set out to investigate how wound signaling links to regeneration at the molecular level. WIND proteins are likely to play key roles in this regulation and identification of genes directly targeted by WIND1 should help unveil how WIND1-mediated signaling controls the transcription of key regulators in regeneration. We provide both in vivo and in vitro evidence that WIND1 directly binds the ESR1 promoter and activates its expression. We also show that ESR1
functions downstream of WIND1 and facilitates both callus formation and shoot regeneration in response to wound stress. Our results thus uncover a key transcriptional mechanism that directly links the wound response to organ regeneration in plants.
RESULTS

Wound stress activates ESR1 expression in a WIND1-dependent manner
Our previous microarray data showed that ESR1 expression is strongly up-regulated in callus overexpressing WIND1 under the control of the cauliflower mosaic virus 35S promoter (Iwase et al., 2011a) . This is interesting, since ESR1 expression is restricted to the shoot apical meristem and leaf primordia during normal development (Kirch et al., 2003) and its overexpression confers increased shoot regenerative capacity in tissue culture (Banno et al., 2001 Given that the expression of the WIND1 gene is strongly activated by wounding (Iwase et al., 2011a) , we then tested whether ESR1 is also up-regulated in response to wound stress. Our time-course expression analysis using leaf explants dissected from 14-day-old WT seedlings revealed that WIND1 mRNA levels start to increase within 30 min after wounding and peak at 1 h ( Figure 1A) . Similarly, the level of ESR1 transcripts starts to increase within 30 min after wounding and peaks by 3 h ( Figure 1A ). ESR1 expression is barely detectable in WT root and hypocotyl explants but we also detected an increase in the ESR1 expression in these organs after wounding (Supplemental Figures 2A and 2B ). Importantly, wound-induced ESR1 activation is strongly suppressed in WIND1-SRDX explants ( Figure 1A ), suggesting that WIND1 is involved in ESR1 activation.
We have previously reported that the WIND1 induction by wounding is localized to wound sites (Iwase et al., 2011a) . To explore the wound-induced expression of the ESR1 gene in planta, we examined the pattern of its promoter activity using Pro DRN/ESR1 :GUS lines, referred to hereafter as Pro ESR1 :GUS, in which the expression of the b-glucuronidase (GUS) gene is driven by the promoter of ESR1 (Kirch et al., 2003) . As expected, the promoter activity of ESR1 is not detected in intact leaf explants, but its activity is induced locally at wound sites ( Figure 1B ). We detected similar patterns of ESR1 promoter activity in wounded roots and hypocotyls (Supplemental Figures 2C and 2D ). We also introduced the Pro ESR1 :GUS construct into the WIND1-SRDX plants and found that WIND1 is required for the activation of the ESR1 promoter at wound sites ( Figure   1B ). Transverse sections of petioles close to wound sites showed that ESR1 promoter activity is often detected within the vasculature, i.e., in xylem parenchyma and procambium cells, but is also found in non-vascular cells, such as mesophyll, that have started to undergo cell division presumably to develop callus ( Figure 1C) . Liu et al. (2014) recently showed that wounding induces auxin accumulation at wound sites of Arabidopsis leaves. To uncouple the effect of wounding from auxin accumulation, we tested whether inhibition of auxin transport by N-1-naphthylphthalamic acid (NPA) interferes with ESR1 activation at wound sites. As shown in Supplemental Figure 2E , 1 µM NPA does not block ESR1 expression at wound sites, suggesting that local auxin transport does not contribute to ESR1 activation at wound sites.
To further corroborate these observations, we generated Pro ESR1 :ESR1-GFP transgenic plants (ESR1-GFP) in which we drove the expression of the ESR1-GFP fusion protein by the ESR1 promoter. We introduced this construct into the esr1-2/drn1 mutant, referred to hereafter as esr1-2 (Chandler et al., 2007; Matsuo et al., 2011) , and confirmed that ESR1-GFP fusion proteins are functional by the complementation of cotyledon phenotypes in esr1-2 (Supplemental Figure 3A) .
As shown in Figure 1D , we detect clear accumulation of ESR1-GFP fusion proteins within the nuclei of cells close to wound sites. These observations demonstrate that the expression of the ESR1 gene is induced locally at wound sites and WIND1 is required for its activation.
WIND1 directly binds the ESR1 promoter and activates its expression
Having established that WIND1 is required for the induction of the ESR1 gene, we subsequently investigated whether WIND1 directly binds the ESR1 promoter in vivo. Using antibodies against GFP proteins, we immunoprecipitated WIND1-GFP proteins from root explants of Pro WIND1 :WIND1-GFP plants (Iwase et al., 2011a) and tested whether the chromatin of the ESR1 gene co-purified with WIND1-GFP. Since we detected strong WIND1 expression in wound-induced callus (Iwase et al., 2011a) , we used root explants cultured on Murashige-Skoog (MS) medium for 10 days, at which time they developed large callus at wound sites. As shown in Figure 2A , our chromatin immunoprecipitation coupled by quantitative PCR (ChIP-qPCR) analysis detected a strong enrichment of the ESR1 promoter sequence using a pair of primers designed around 500-bp upstream of the translational start site. Using a particle bombardment-mediated transient expression assay, we subsequently investigated whether WIND1 could activate the ESR1 promoter in Arabidopsis MM2d culture cells. We fused a 1,000-bp ESR1 promoter to the luciferase reporter gene and judged the promoter activation by the relative enzymatic activity of luciferase. As shown in Supplemental Figure 4A , ectopically expressed WIND1 displays strong transactivation activity for the 1,000-bp ESR1 promoter, demonstrating that WIND1 can activate ESR1 in vivo. We also performed the transactivation assay using the ESR1 promoter truncated to 500, 250, 200, 150 and 100 bp from the translational start site and found that the 150-bp sequence upstream of the translational start site is sufficient for the ESR1 induction by WIND1.
To further characterize WIND1's binding to the ESR1 promoter, we tested their direct interaction in vitro by an electrophoresis mobility shift assays (EMSA). We expressed the WIND1 protein fused with Maltose Binding Protein (MBP) and 6xHis-tag (His6) in E coli, and purified the MBP-WIND1-His6 protein using the His-tag by affinity chromatography. We used the dehydration responsive element (DRE, core sequence TACCGACAT) as a positive control, since WIND1 was previously shown to bind the DRE sequence (Lin et al., 2008) . Our EMSA indeed showed that the MBP-WIND1-His6 protein strongly binds the DRE sequence in vitro, causing the DRE probe band to shift in the gel (Supplemental Figure 4B ). Using this experimental setup, we also found that the MBP-WIND1-His6 protein, but not the MBP-GFP-His6 protein, binds the 513-bp sequence of the ESR1 promoter (Supplemental Figure 4C ). To further narrow down WIND1's binding site within
the ESR1 promoter, we tested WIND1's binding to eleven ~50-bp DNA probes, designated as R1 to R11, that cover the -513 to -64 bp of the ESR1 promoter with a 10-bp overlap between each probe.
As shown in Figure 2B and Supplemental Figure 4D , we found reproducible binding of MBP-WIND1-His6 protein specifically to the probe R10 that covers the -153-to -104-bp sequence of the ESR1 promoter.
The results from our transactivation assay and EMSA consistently suggest that the 150-bp ESR1 promoter is sufficient for WIND1's binding and activation of the ESR1 gene. Interestingly, the R10 sequence where WIND1 likely binds within the 150-bp ESR1 promoter contains two Vascular system-specific and Wound-REsponsive cis-element (VWRE)-like motifs (core sequence AAATTT) previously implicated in wound-induced activation of gene expression in tobacco (Sasaki et al., 2002; Sasaki et al., 2006) . We therefore asked whether these motifs are required for the activation of the ESR1 promoter by mutating either one or both of the VWRE-like motifs. Our transactivation activity assay revealed that the m1 and m4 mutations, abolishing both VWRE-like motifs, strongly hinder ESR1 induction by WIND1 whereas the m2 or m3 mutation, abolishing only the first or second VWRE-like motif, results in partial reduction in ESR1 activation ( Figure 2C ). By contrast, the m5 mutation, introduced outside the two VWRE-like motifs, does not alter ESR1 activation by WIND1 ( Figure 2C ). These results strongly suggest that WIND1 directly binds the two VWRE-like motifs within the ESR1 promoter to activate its expression.
ESR1 promotes callus formation at wound sites
Given that WIND1 is required for callus induction at wound sites (Iwase et al., 2011a) , we asked whether ESR1 also participates in wound-induced callus formation. WT leaf explants cultured on MS medium develop a large mass of callus cells at wound sites ( Figures 3A and 3B ). By contrast, callus formation is severely compromised in esr1-2 leaf explants (Figures 3A and 3B) . To further investigate the involvement of ESR1, we generated the ESR1-SRDX dominant repressor line in which we drove the expression of ESR1-SRDX chimeric proteins under the ESR1 promoter. We confirmed the cotyledon formation defects, previously described for esr1-2 mutants (Chandler et al., 2007) , in the ESR1-SRDX plants. As expected, we also found clear defects in callus formation from leaf explants, demonstrating the requirement of ESR1 for wound-induced callus formation ( Figures   3A and 3B ). In addition, we found that ESR1-GFP plants develop larger callus at wound sites (Figures 3A and 3B) . Our RT-qPCR analysis showed that, compared to the WT, the level of ESR1 expression is at least 1.5-fold higher in ESR1-GFP plants after wounding (Supplemental Figure 3B ), suggesting that the increased level of ESR1 expression promotes callus formation.
Our results so far are consistent with the hypothesis that WIND1 activates ESR1 expression to promote callus formation at wound sites. To validate this further, we generated double . In addition, we examined whether the esr1-2 mutation blocked callus formation induced by WIND1 overexpression. As shown in Figure 4C , 35S:WIND1 T1 plants display weak, intermediate, and strong callus formation, which we previously classified as type I, type II, and type-III plants, respectively (Iwase et al., 2011a) . As expected, WIND1 overexpression in esr1-2 mutants causes milder callus phenotypes, producing ~10% of WT-like T1 plants without any visible callus formation. These results therefore support that ESR1 functions downstream of WIND1 and promotes callus formation at wound sites.
We previously reported that WIND1 promotes callus formation via the B-type ARABIDOPSIS RESPONSE REGULATOR (ARR)-mediated cytokinin signalling pathway (Iwase et al., 2011a) . To test the functional relationship between ESR1 and cytokinin signalling, we evaluated ESR1 expression in arr1 arr12 double mutants defective in B-type ARR signalling (Mason et al., 2005) . Interestingly, our RT-qPCR analysis revealed that wound-induced activation of ESR1 is compromised in arr1 arr12 plants, while the esr1-2 mutation does not interfere with the expression of a cytokinin-responsive ARR5 gene (Argyros et al., 2008) ( Figures 4D and 4E ).
Together, these results suggest that ESR1 functions downstream of B-type ARR-mediated cytokinin signalling.
ESR1 promotes shoot regeneration at wound sites.
When Arabidopsis WT explants are cultured on MS medium without any exogenous plant hormones, they develop callus and often roots, but they hardly regenerate shoots from wound sites ( Figure 5A ). Unexpectedly, we noticed that leaf explants from ESR1-GFP plants regenerate shoots at wound sites ( Figure 5A ). Further investigation of this phenotype revealed that only 1 out of 646 (0.2%) leaf explants from WT plants regenerate shoots, whereas 31 out of 170 (18.2%) leaf explants from ESR1-GFP plants develop one or sometimes multiple shoots at wound sites ( Figure   5B ). Intriguingly, this phenotype is not limited to leaf explants and we also observed shoot regeneration from various other organs such as cotyledons and inflorescence stems ( Figure 5A ).
Similarly, root explants from WT plants develop callus at wound sites but they never regenerate shoots under our culture condition (Figures 5A and 5B) . By contrast, 89 out of 634 (14.0%) explants from ESR1-GFP plants develop shoots at wound sites ( Figures 5A and 5B).
To further explore the causal relationship between ESR1 expression and shoot regeneration, we generated LexA-VP16-estrogen (XVE)-ESR1 transgenic plants in which we induced ESR1 expression by the application of 17b-estradiol ( Figures 5C and 5D ). Our RT-qPCR analysis confirmed that 0.1 to 10 µM 17b-estradiol induces ESR1 expression in a dose-dependent manner ( Figure 5D ). As expected, leaf explants from WT plants hardly develop shoots at wound sites in the presence of 17b-estradiol. In sharp contrast, leaf explants from up to 35% of XVE-ESR1
plants reproducibly regenerate shoots from wound sites, when cultured in the presence of 0.1 to 10 µM 17b-estradiol ( Figures 5C and 5D ). Interestingly, XVE:ESR1 plants regenerate shoots only upon wounding and when they are grown without wound stress, they develop callus (Figures 5C).
Nevertheless, these XVE:ESR1-derived calli are capable of regenerating shoots when transferred to SIM, indicating that they retain the potential to develop shoots (Supplemental Figure 5A ). Together, these results demonstrate that the increased dosage of ESR1 strongly promotes shoot regeneration at wound sites.
The WIND1-ESR1 pathway is required for shoot regeneration in vitro
Having uncovered a clear enhancement of wound-induced shoot regeneration by ESR1, we reexamined the requirement of ESR1 for in vitro shoot regeneration. We incubated root explants of WT, esr1-1, and esr1-2 seedlings for 4 days on CIM and then transferred them to SIM to induce shoot regeneration. As shown in Figures 6A and 6B , both esr1-1 and esr1-2 display clear defects in shoot regeneration, producing fewer shoots compared to WT explants. Chandler et al. (2007) reported that the esr1-1 allele, carrying a dSpm transposon insertion immediately after the start codon, shows weaker cotyledon phenotypes than the esr1-2 allele, carrying the dSpm insertion in the central AP2 domain. We observed a similar trend for shoot regeneration phenotypes since Figure 5B ), suggesting that ESR1 does not play major roles in hormone-induced callus formation in vitro.
To investigate how ESR1 promotes shoot regeneration in vitro, we first examined ESR1 expression in explants cultured on CIM and SIM. Interestingly, incubation of petiole or root explants with kinetin and 2,4-D, cytokinin, and auxin in CIM, strongly stimulates ESR1 promoter activity at wound sites, as shown by the enhanced GUS staining in Pro ESR1 :GUS plants ( Figure 7A ).
Importantly, the application of either kinetin or 2,4-D alone does not activate the ESR1 promoter in both petiole and root explants ( Figure 7A ), implying that cytokinin and auxin have synergistic effects on ESR1 activation. Our RT-qPCR analyses also confirmed that ESR1 expression is activated in root explants cultured for 4 days on CIM, and in addition showed that its expression is enhanced, by more than 3-fold, after transfer to SIM ( Figure 7B ). Matsuo et al. (2011) previously showed that ESR2 is not expressed in Arabidopsis explants incubated on CIM and its expression is detected only after they start to form shoots on SIM. Our RT-qPCR analysis confirmed these results and further showed that the late activation of ESR2 expression is dependent on ESR1 ( Figure 7B ).
Similarly, the expression of key shoot regulators such as CUC1, WUS, STM, and RAP2.6L, is also increased after transfer to SIM (Gordon et al., 2007; Che et al., 2006; Chatfield et al., 2013) and their expression requires ESR1 to different degrees ( Figure 7B ). We also confirmed the previously reported up-regulation of PLT1, 2, 3, 5, 7 and CUC2 in explants cultured on CIM (Kareem et al., 2015) but found that none of their activation requires functional ESR1 ( Figure 7B ).
We previously demonstrated that WIND1-SRDX explants cultured on CIM and SIM are defective in shoot regeneration (Iwase et al., 2015, Figures 8A and 8B) . Consistently, the WIND1 promoter is active in pericycle cells as well as callus cells derived from pericycle cells in root explants cultured on CIM and SIM (Iwase et al., 2011a , Figure 8C ). To test whether ESR1 also acts downstream of WIND1 in this context, we examined the promoter activity of ESR1 in WIND1-SRDX root explants. As reported previously (Matsuo et al., 2011) , ESR1 promoter activity is visible within callus of Pro ESR1 :GUS root explants cultured on CIM and SIM ( Figure 8C ). By contrast, the ESR1 promoter activity is strongly suppressed in Pro ESR1 :GUS WIND1-SRDX plants ( Figure 8C ), indicating the requirement of WIND1 for the activation of the ESR1 promoter. We also introduced the esr1-D construct into WIND1-SRDX plants and examined whether ectopic activation of ESR1 is sufficient to rescue the shoot regeneration phenotype in WIND1-SRDX explants. As expected, plants expressing both WIND1-SRDX and esr1-D show similar or slightly higher levels of shoot regeneration compared to the WT ( Figures 8A and 8B) . These results thus demonstrate that
ESR1 functions downstream of WIND1 and promotes shoot regeneration in vitro.
The WIND1-ESR1 pathway is not required for de novo root regeneration at wound sites. Liu et al. (2014) recently showed that Arabidopsis leaf explants cultured on B5 medium are capable of developing new roots from wound sites. We found that Arabidopsis leaf explants cultured on MS medium also regenerate roots in the absence of a supply of exogenous phytohormones (Supplemental Figure 6A) . Using this system, we asked whether WIND1 and ESR1 are also involved in root regeneration at wound sites. We typically observe >40% of WT leaf explants regenerating roots from wound sites (Supplemental Figure 6B) . Interestingly, both WIND1-SRDX and ESR1-SRDX plants are capable of forming similar numbers of roots (Supplemental Figures 6A and 6B), suggesting that the WIND1-ESR1 pathway is not required for de novo root regeneration at wound sites.
DISCUSSION
In this study we demonstrate that a wound-induced reprogramming regulator WIND1 directly activates ESR1 expression to promote callus formation and subsequent shoot regeneration at wound sites. Our data show that the level of ESR1 is a key determinant of shoot fate, since mild overexpression of ESR1 induces shoot formation at wound sites. WIND1 is also expressed in phytohormone-induced callus cells in explants cultured on CIM and SIM, and it is required for ESR1 activation and shoot regeneration in in vitro conditions. Our findings therefore uncovered an important transcriptional cascade underlying shoot regeneration in plants.
WIND1 as a molecular link between wound stress and regeneration
We previously showed that WIND1 promotes the reacquisition of competency for shoot regeneration (Iwase et al., 2015) , but the precise molecular mechanisms underlying this control were not known. In this study, we demonstrate that a central role of WIND1 is to activate the expression of ESR1 to promote callus formation and shoot regeneration. Our data show that WIND1 first activates ESR1 expression, and culturing explants on auxin and cytokinin permits stronger ESR1 expression (Figure 9 ). It is interesting to note that the overexpression of ThWIND1-L, a WIND1 homolog from salt cress Thellungiella halophila, also induces ESR1 expression in Arabidopsis (Zhou et al., 2012) , implying that WIND1-mediated ESR1 activation might be conserved at least among Brassicaceae plants.
Our in vivo and in vitro data show that WIND1 directly binds the promoter of ESR1 using the two VWRE-like motifs ( Figures 2B and 2C ). The 14-bp VWRE motif (GAAAAGAAAATTTC) was first identified within the promoter of a wound-inducible peroxidase gene, tpoxN1, in Nicotiana tabacum (tobacco; Sasaki et al., 2006) . A later study showed that two tobacco Wound-Responsive AP2/ERF family transcription factors WRAF1 and WRAF2 bind the VWRE motif to induce the tpoxN1 gene after wounding and the core sequence (AAATTT) within the VWRE motif is essential for their binding (Sasaki et al., 2007) . Interestingly, both WRAF1 and WRAF2 are induced within 30 min after wounding, preceding the accumulation of tpoxN1 transcripts after 1 h. We detect similar transcriptional changes for WIND1, starting within 30 min after wounding, followed by the peak accumulation of ESR1 transcripts after 1 h. The closest homolog of WRAF1 and WRAF2 in Arabidopsis is RAP2.6 (At1g43160) and its expression is also induced very rapidly after wounding (Kilian et al., 2007; Iwase et al., 2011a) . It is thus plausible that one of the earliest wound-induced transcriptional changes is mediated by a set of wound-inducible AP2/ERF transcription factors and they activate target genes through binding the core VWRE motif within the target promoters. The physiological roles of RAP2.6 in the wound response have not been investigated so far but it will be interesting to test whether RAP2.6 can also activate ESR1 by using the VWRE-like motifs. In addition to ESR1, we found 228 other genes in Arabidopsis that carry two closely located VWRE-like motifs within the 1-kb promoter region, ~10% of which are induced more than 2-fold by WIND1 overexpression (Iwase and Rymen, unpublished results) . These genes are putative targets of WIND1 and future studies should investigate their functional relationships to WIND1. We should note that the core VWRE sequence does not resemble other GC-rich sequences such as DRE (Yamaguchi-Shinozaki and Shinozaki, 1994) and the GCC box (core sequence TAAGAGCCGCC) (Ohme-Takagi and Shinshi, 1995) , recognized by other AP2/ERF transcription factors. While WRAF1 and WRAF2 do not recognize these GC-rich motifs, WIND1 recognizes both DRE and the GCC box at least in vitro (Lin et al., 2008 and this study). It will be important to examine whether WIND1 binds both of these motifs in vivo and, if so, whether it activates different sets of genes, for instance, in a context-dependent manner.
We provide genetic evidence that WIND1 and ESR1 are not required for root regeneration from Arabidopsis leaf explants, at least under the condition used in this study. These results are in agreement with the finding that this form of root regeneration is driven by auxin accumulation at wound sites, which promotes the establishment of root cell fate through the activation of WUSCHEL RELATED HOMEOBOX11 (WOX11) and WOX12 (Liu et al., 2014) . Liu et al. (2014) showed that auxin-mediated callus formation (and subsequent root regeneration) derives primarily from leaf procambium cells, while our study suggests that wound-induced callus formation may originate from various cell types, including xylem parenchyma and mesophyll cells ( Figure 1C ). How these callus cells from different cellular origins contribute to shoot regeneration remains to be verified, but these observations together suggest that regeneration of roots and shoots from Arabidopsis leaf explants is operated by at least two distinct molecular mechanisms. Our results show that cytokinin activates ESR1 expression at least partially through ARR1
and ARR12 ( Figure 4D ), demonstrating that ESR1 acts downstream of the B-type ARR-mediated pathway. How wound stress activates the B-type ARR pathway in a WIND-dependent manner is not currently known, but our data suggest that WIND1 may activate ESR1 both directly and indirectly via enhancing cytokinin signalling. In addition, Kareem et al. (2015) found that PLT3, PLT5, and PLT7 are the key regulators of in vitro shoot regeneration acting downstream of both auxin and cytokinin signalling. We showed that the expression of these PLT genes is not altered in esr1-2 mutants ( Figure 7B ), suggesting that they do not act downstream of ESR1. Instead, PLTs may function upstream of, or in parallel to, ESR1 and it will be interesting to investigate these functional relationships in future studies.
Role of ESR1 in callus formation and shoot regeneration
Our data suggest that ESR1 is induced immediately after wounding (Figure 1 ) and promotes callus formation at wound sites ( Figure 3 ). We also show that the level of ESR1 expression is one key limiting factor for shoot regeneration, since mild overexpression of ESR1 dramatically improves shoot regeneration from wound sites ( Figure 5 ). Intriguingly, XVE:ESR1 plants regenerate shoots only upon wounding and they develop callus without wound stress ( Figure 5C ). Banno et al. (2001) also reported callus formation in 35S:ESR1 plants and suggested that constitutive overexpression of ESR1 interferes with differentiation into shoot cells. Based on our observations, we hypothesize that ESR1 activation alone is not sufficient to fully establish the shoot fate and additional wound-induced events, such as induction and/or accumulation of some other signals, are also needed to confer shoot fate at wound sites.
Our data show that ESR1 is not essential for hormone-induced callus formation but that it plays pivotal roles in shoot regeneration in vitro (Supplemental Figure 5B, Figure 6 ). The cause for the apparent discrepancy between our results and a previous report (Matsuo et al., 2011) is not clear, but one possibility is that we employ slightly different culture conditions, such as long-day light condition as opposed to the continuous light conditions employed in Matsuo et al. (2011) , and WT root explants appear to produce more shoots in our conditions. Matsuo and Banno (2008) reported that overexpression of ESR1-SRDX chimeric proteins blocks shoot regeneration, suggesting that ESR1, potentially together with other redundant transcriptional regulators, promotes shoot regeneration. Our observation further highlights the functional importance of ESR1, since loss of ESR1 in esr1 mutants or ESR1-SRDX expression by its own promoter is sufficient to cause severe regeneration defects ( Figure 6 ). Since esr1 mutant calli turn green and develop some green foci (Figure 6 ), they might be able to develop shoot promeristems and/or shoot primordia, although they are severely impaired in shoot outgrowth. Shoot regeneration defects in esr1 mutants are accompanied by strong inhibition of key shoot meristem regulators, such as WUS and STM ( Figure   7 ), further substantiating that these mutants fail to complete shoot regeneration. Given that the levels of PLT3, PTL5, and PLT7 expression are comparable between WT and esr1-2 mutants (Figure 7 ), esr1-2 calli likely retain reasonable levels of pluripotency, but they cannot progress through the shoot program without functional ESR1. A previous overexpression study suggested that ESR1 directly activates CUC1 in in vitro shoot regeneration (Matsuo et al., 2009) . Our data show that ESR1 is required for CUC1 expression (Figure 7) , supporting the notion that ESR1 functions upstream of CUC1. Kareem et al. (2015) showed that PLT3, PLT5, and PLT7 are required for CUC1 expression in vitro, but plt3 plt5 plt7 mutants still have some residual CUC1 expression on SIM. It is thus possible that these two pathways, governed by PLTs and ESR1, regulate CUC1 expression in parallel.
Our microarray data show that ESR2, a close homolog of Arabidopsis ESR1, is also up-regulated in 35S:WIND1 callus (Iwase et al., 2011a) , implying that WIND1 may also target ESR2 to promote shoot regeneration. Intriguingly, however, we do not detect any significant elevation of ESR2 expression after wound stress in any of the tissues examined, suggesting that wounding (or WIND1) does not directly induce ESR2 expression. Our data show that ESR2 expression is strongly dependent on ESR1 in in vitro conditions (Figure 7) . Thus, the high levels of
ESR1 in 35S:WIND1 callus may contribute to ESR2 induction. Matsuo et al. (2011) showed that
ESR2 is expressed much later than ESR1 on SIM, and ESR1 indirectly activates ESR2 expression.
These results also agree with the view that ESR2 acts downstream of ESR1 in in vitro shoot regeneration.
Together, this study has unveiled how a wound-induced transcriptional pathway integrates with signals mediated by externally supplied auxin and cytokinin to specify the developmental fate of regenerating organs. In nature, only a subset of plant species are capable of regenerating shoots from cut sites in the absence of exogenous hormones (Ikeuchi et al., 2016) . It will be therefore interesting to explore whether the shoot regenerative potential of various plant species correlates with the inducibility of ESR1 after wounding. As WIND1 is likely to activate other developmental regulators, identifying additional downstream targets of WIND1 should further advance our understanding of how wound stress promotes regeneration at wound sites. Interestingly, many regulators acting during regeneration, including ESR1, are epigenetically silenced by Polycomb-mediated histone modification, but they are rapidly induced after wounding (Ikeuchi et al., 2015a; Ikeuchi et al., 2015b; Iwase et al., unpublished results) . Exploring how wound stress lifts the epigenetic repression of these regulators and allows their transcriptional induction will be another exciting challenge in future studies.
METHODS
Plant materials, growth condition and transformation
All plants used in this study were in the Col-0 background. by electroporation and the resultant Agrobacterium was infiltrated into Arabidopsis by the floral dip method (Clough and Bent, 1998) .
Callus formation and regeneration assay
To induce callus or de novo root formation from petioles, first and second rosette leaves were cut with microscissors (Natsume Seisakusho, MB-50-15) and their explants were incubated on phytohormone-free MS medium supplemented with 1% sucrose and 0.6% Gellan gum (Gelzan, Sigma). To induce callus and shoot regeneration in vitro, root explants were first cultured on callus inducing medium (CIM) to induce callus and then transferred to shoot inducing medium (SIM) to induce shoots (Valvekens et al., 1988) . Wound-induced callus phenotypes were recorded at 8 days after wounding and CIM-induced callus phenotypes were recorded at 4 days after incubation on CIM. The projected area of callus was quantified by ImageJ.
Microscopy
GUS staining was performed as previously described (Kertbundit et al., 1991) and stained samples were observed using a Leica M165 C stereomicroscope. GFP signal was detected using a Leica 
RNA isolation and RT-qPCR analysis
Total RNA was isolated with an RNeasy Plant Mini Kit (Qiagen) according to the manufacturer's instructions and their cDNA was synthesized using a PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa). RT-qPCR analysis was performed using an Mx3000P qPCR system (Agilent Technologies) and Thunderbird SYBR qPCR mix (Toyobo). Three biological replicates were used for each treatment. The protein phosphatase 2A subunit A3 (PP2AA3) gene was used as a reference (Czechowski et al., 2005) . A list of primers used for RT-qPCR is provided in Supplemental 2001) and inserted into the pGEM-T Easy vector together with a NOS terminator. To construct the pMGWA-WIND1 and pMGWA-GFP vectors, the coding sequence of WIND1 and GFP genes were PCR amplified without stop codons and cloned into the pDONR221 vector using Gateway BP Clonase II. The resultant plasmids were subsequently cloned into the pMGWA vector (Busso et al., 2005) using LR Clonase II (Life Technologies). To construct the pER8-ESR1 vector, the PCR-amplified coding sequence of ESR1 was cloned into the pER8 vector (Zuo et al., 2000) . A list of primers used for PCR amplification is provided in Supplemental Table 1 .
Transient expression assay
The Pro 35S :WIND1 (Iwase et al., 2011a) and Pro 35S :SG (Ohta et al., 2001) vectors were used as an effector and control, respectively. The Pro ESR1 :L-LUC vector was used as a reporter, and the pPTRL vector, driving the expression of a luciferase gene from Renilla (R-LUC) by the 35S promoter (Fujimoto et al., 2000) , was used as an internal control. Particle bombardment was carried out using Biolistic PDS-1000/He™ system (Bio-Rad) and luciferase assays were carried out using the Dual-Luciferase™ Reporter Assay System (Promega) as previously reported (Hiratsu et al., 2002) .
Arabidopsis MM2d cultured cells (Menges and Murray, 2002) were used as host cells and luciferase activities were quantified using the Mithras LB940 Microplate Luminometer (Berthold Technologies).
Chromatin immunoprecipitation
The chromatin immunoprecipitation experiment was performed, following a previously reported protocol (Gendrel et al., 2005) with several modifications. Roots of 30-day-old Arabidopsis plants harboring Pro WIND1 :WIND1-GFP (Iwase et al., 2011a) were cut and their 5-mm explants were incubated on MS medium for 10 days to generate wound-induced callus. Approximately 1 g of fresh root explants was used as a starting material and WIND1-GFP proteins were immunoprecipitated using antibodies against GFP (Abcam, ab290). Sterile-filtered rabbit serum (Equitech-Bio, SR30) was used as a negative control.
Electrophoresis mobility shift assay
To To generate the DNA probe, the 513-bp sequence of the ESR1 promoter was amplified with the set of biotinylated primers (Eurofins Genomics) listed in Supplemental Table 2 and 0.05% (w/v) NP-40. These reactions were resolved on 5% polyacrylamide/TBE gels (Bio-rad) in half-strength TBE buffer (Bio-rad) and the gels were dried with HydroTech™ Gel Drying System (Bio-rad). Radioactive probes were detected using a Typhoon™ FLA-7000 system (GE Healthcare).
Accession numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative under the following accession numbers: Supplemental Table 1 . A list of PCR primers used in this study.
Supplemental Table 2 . A list of oligonucleotides used in EMSA.
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